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ABSTRACT 

By spinning a f l e x i b l e  d i s k  about a c e n t r a l  
hub, it i s  p o s s i b l e  t o  e r e c t  a su r face  which is s u f f i -  
c i e n t l y  s t i f f  t o  be use fu l  f o r  aerodynamic braking. 
Such a d i s k  i s  p o t e n t i a l l y  use fu l  a s  a r e e n t r y  decel-  
e r a t o r  because it can be made r e l a t i v e l y  l a r g e  with 
reasonable  weight,  I f  t h e  a rea  i s  l a r g e  enough, r a d i a t i o n  
cool ing  w i l l  keep t h e  sur face  temperature wi th in  t o l e r a b l e  
l i m i t s  wi thout  t h e  use of non-structural  thermal-protect ion 
ma te r i a l s .  The paper presented here  desc r ibes  a r een t ry  
dece le ra to r  sys t em,  c a l l e d  t h e  "Rotornet" , t h a t  e x p l o i t s  
t hese  p o s s i b i l i t i e s .  The  d i s k  a rea  requi red  f o r  t y p i c a l  
manned r e e n t r y  missions from e a r t h  o r b i t  i s  of t he  order  
of one square f o o t  per  pound of payload, and t h e  deceler-  
a t o r  weight i s  a few percent  of t h e  payload weight. The 
advantages of such a system a r e  g r e a t e s t  under condi t ions  
of long hea t ing  pu l ses  (e.g., manned e n t r y  a t  s u p e r o r b i t a l  
speeds) o r  low-density atmosphere (e.g. ,  Mars). The 
Rotornet i s  shown t o  be f r e e  f r o n  s p i r a l  i n s t a b i l i t y  wi th  
proper  mass balance and r o t o r  coning. The r o t o r  d i sk  
e x h i b i t s  travell ing-wave ?anel f l u t t e r  which can be 
sqopressed by var ious means. 
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I .  INTRODUCTION 

The p o s s i b i l i t y  of using l a r g e ,  l i g h t l y  loaded 

d e c e l e r a t o r s  f o r  e n t r y  from o r b i t  i n t o  p l ane ta ry  atmospheres 

has  been of cont inuing i n t e r e s t  s i n c e  t h e  beginning of 

s e r i o u s  work i n  r een t ry  mechanics. Eggersl and Gazleya, 

a s  we l l  a s  o t h e r  e a r l y  i n v e s t i g a t o r s ,  have pointed o u t  

t h a t  f o r  a b a l l i s t i c  vehic le  of given mass t h e  maximum 

hea t ing  r a t e  decreases  a s  the  e f f e c t i v e  drag 

i s  increased.  Thus, i f  the drag a rea  can be 

c i e n t l y  l a r g e ,  t h e  hea t ing  r a t e s  can be made 

a rea  C,,A 

made s u f f i -  

compatible 

wi th  t h e  a b i l i t y  of s t r u c t u r a l  m a t e r i a l s  t o  r e j e c t  h e a t  

Sy r a d i a t i o n .  

The p r i n c i p a l  advantage t o  be gained from t h e  

large-drag-area approach i s  t h a t  f o r  a wide range of 

mission 2 a r a e t e r s  :t o f z e r s  ;i p o t e n t i a l l y  l a r g e  decrease 

i n  t h e  dece ->ra to r  weight f r a c t i o n  < r a t i o  of dece le ra to r  

. .  w215r.c LO payload weight) o v e r  t h e  LSS ,- systems of 

cor,v;izionally high d e n s i t y .  I n  a d d i t i o c ,  t h e r e  a r e  a 

nurrber of important secondary advantages,  such as opera t ion  

a t  lower temperatures,  improved communication throughout 
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t h e  descent ,  and a p o t e n t i a l  f o r  g l i d i n g  and maneuvering 

without  LLzSe inc reases  i n  s t r u c t u r a l  weight.  

i-Ast of t h e  devices which have been proposed t o  

t ake  advantage of  t h i s  opera t ing  regime have been towed 

d e c e l e r a t o r s  (e.g. ,  parachutes ,  bal loons,  Ba l lu t e s ,  cones,  

para glider^).^ These devices share  a number of  b a s i c  

problems; f o r  example, they m u s t  ope ra t e  i n  t h e  unsteady 

wake of t h e  payload, and they experience excessive and 

uneven hea t ing  on shroud l i n e s  and p o i n t s  of shock impinge- 

ment. A s  a r e s u l t ,  t h e  t o w e d  d e c e l e r a t o r  has  n o t  been 

competi t ive with a b l a t i v e  systei7.s f o r  t h e  r e e n t r y  problem. 

There have been a t  l e a s t  two irnporcc2-c at tempts  

t o  bypass some of t h e  problems of t h e  towed dece:erator 

by mounting the  drag su r face  on t h e  nose of t h e  payload. 

One of these ,  t h e  Avco drag brake,* showed considezable  

promise but su f fe red  Zron the  weight penz l ty  associEced 

wi th  ca r ry ing  t h e  s t r u c t u r a l  loads I n  bending over l a r g e  

spans.  A more r e c e n t  developnent of t h i s  type i s  th2  

5 ,6 tension-cone dece le ra to r ,  which makes use of a conica l  

membrane t o  t r ansmi t  t h e  aerodynamic loads t o  t h e  payloaa,  

and a concentrated r i n g  t o  ca r ry  t h e  compression f o r c e s  
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necessary t o  hold t h e  membrane erect. 

very promising f o r  missions such a s  t h e  Mars Lander, and 

i s  c u r r e n t l y  under a c t i v e  development. 

weight a s soc ia t ed  wi th  t h e  compression r i n g ,  however, it 

appears l i k e l y  t h a t  t h i s  device w i l l  no t  be f e a s i b l e  i n  

s i z e s  l a r g e  enough t o  permit  ope ra t ion  without  cons iderable  

weight i n  thermal p ro tec t ion .  

This  scheme appears 

Because of t h e  

The dece le ra to r  system described here ,  which 

has been named t h e  "Rotornet",  grew o u t  of an at tempt  t o  

reduce t h e  dece le ra to r  weight f r a c t i o n  by e l imina t ing  t h e  

requirement f o r  s t i f f  s t r u c t u r e  t o  hold t h e  su r face  erect. 

I n  t h e  Rotornet system, the  aerodynamic su r face  i s  formed 

by a r a p i d l y  spinning f i lamentary  disk.  

found t h a t  t h i s  concept makes p o s s i b l e  t h e  u s e  of aero- 

dynamic su r faces  which a r e  s u f f i c i e n t l y  l a r g e  t o  permit  

resz t ry  d e c e l e r a t i o n  without  non-s t ruc tura l  thermal pro- 

I t  has been 

t e c t i o n .  The purpose of  t h i s  paper i s  t o  p re sen t  t h e  

work which has  been done on t h e  Rotornet  concept,  t o  d i scuss  

i t s  p o t e n t i a l  usefu lness ,  and t o  p o i n t  o u t  a r eas  i n  which 

important  work remains t o  be done. 
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11. GENERAL, DESCRIPTION 

The aerodynamic sur face  which i s  t h e  b a s i c  

element of  t h e  Rotornet  system i s  a l a r g e ,  l igh tweight ,  

f i l amentary  d i s k ,  mounted a t  i t s  c e n t e r  t o  a hub on t h e  

nose of  t h e  payload, as shown i n  F igure  1, and maintained 

i n  a deployed condi t ion  by t h e  c e n t r i f u g a l  e f f e c t s  a s soc ia t ed  

wi th  a high sp in  rate.  The d i sk  i s  cons t ruc ted  wi th  

cont inuous f i b e r s  t h a t  run i n  curved pa ths  from hub t o  

r i m  and back, i n  an axisymmetric f i b e r  p a t t e r n  such t h a t  

t h e  t ens ion  throughout t h e  d i s k  i s  ( e s s e n t i a l l y )  uniform 

under t h e  loading  of  i t s  own i n e r t i a  i n  t h e  c e n t r i f u g a l  

f i e l d .  The aerodynamic su r face  i s  the re fo re  composed of  

a b i d i r e c t i o n a l  a r r a y  of s t r u c t u r a l  f i b e r s  under tens ion .  

The t e x t u r e  of  t he  f i lamentary  d i sk  i s  t h a t  of  

d Sleazy LauLAb =-L-: - - . v ; + h  WAC..., +hp hi -__- a s  d i r e c t i o n  co inc id ing  a t  every 

p o i n t  wi th  t h e  r a d i a l  d i r e c t i o n  on t h e  d isk .  The su r face  

can t h e r e f o r e  deform l o c a l l y ,  through t h e  mechanism of  

t r e l l i s  shear ,  wi thout  changes i n  f i b e r  length  and wi thout  

wr inkl ing .  This  geometry al lows t h e  sp inning  d i s k  t o  

deform i n t o  a cone wi thout  gross  changes i n  t h e  stress 
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d i s t r i b u t i o n .  Under t h e  aerodynamic loading, t h e  d i sk  

"cones back",  and t h e  load i s  t r ansmi t t ed  t o  t h e  hub 

i n  t h e  form of an a x i a l  component of f i b e r  tens ion .  For 

t h e  Rotornet systems under cons idera t ion  here ,  t h e  coning 

is  l i m i t e d  by hea t ing  cons idera t ions  ( f o r  t h i s  s tudy)  t o  

a coning angle  of about 30° (cone half-angle  of 6 0 ° ) ,  s i n c e  

it i s  e s s e n t i a l  t o  maintain t h e  detached shock system 

c h a r a c t e r i s t i c  of  b l u n t  bodies.  

Around t h e  per iphery of  t h e  d i s k  a r e  a t tached  

a number of  small  weights,  w i t h  an agyrsgate  mass equal  

t o  perhaps twenty percent  of t h e  mass of  t h e  d isk .  These 

t i p  weights se rve  t o  improve t h e  behavior of t h e  f a b r i c  

d i s k  during deployrent  and i n  ope ra t ion  a t  lower a l t i t u d e s .  

Tney may ( f o r  missions r equ i r ing  g l i d i n g  and maneuvering) 

have t h e  form of aerodynamic vanes t o  counterac t  t h e  

aerodynamic f r i c t i o n  torque of t h e  d isk :  f o r  t h e  b a l l i s t i c  

r e e n t r y  mission, however, the Rotornet system can ope ra t e  

on t h e  energy of t h e  i n i t i a l  spin-up, without  s u s t a i n i n g  

torque.  

The f i b e r s  of t he  n e t  a r e  a t tached t o  the  hub 

by a clamp r i n g  having a diameter of perhaps f i f t e e n  percent  
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of t h e  d i s k  diameter.  

t he  s p i n  r a t e ,  t h e  clamp r i n g  m u s t  be a t tached  t o  t h e  

payload through a bear ing.  

I f  the payload cannot withstand 

Since t h e  r o t a t i o n a l  i n e r t i a  of t h e  deployed 

d i s k  i s  very l a r g e  compared t o  t h a t  of t h e  payload, t h e  

energy f o r  t h e  i n i t i a l  spin-up must  be provided by 

rocke t  motors. 

r e t ro - rocke t s  by mounting them on t h e  r i m  of t he  nose cap, 

canted t o  produce a r eac t ion  torque. A l t e r n a t i v e l y ,  t h e  

This  spin-up energy may be obtained from 

spin-up may be accomplished with small  rocke t  motors 

mounted on t h e  r i m  of t h e  disk, which no to r s  would be 

s t a r t e d  a f t e r  t h e  d i s k  i s  deployed and " s t i f f e n e d "  i n  

r o t a t i o n  a t  a r e l a t i v e l y  l o w  sp in  r a t e .  

The ope ra t iona l  sequence of t h e  Rotornet i n  a 

b a l l i s t i c  r e e n t r y  from o r b i t  i s  shown i n  Figure 1. After  

deployment and spin-up o f  the d i s k  and e j e c t i o n  from 

o r b i t ,  t h e  veh ic l e  l o s e s  a l t i t u d e .  The coning angle  

g radua l ly  inc reases  t o  a maximlxm of about 30°, a f t e r  

which it decreases .  I n  t y p i c a l  e a r t h  e n t r i e s  without  l i f t  

c a p a b i l i t y ,  low supersonic  speeds a r e  reached a t  a l t i t u d e s  

above 200,000 f e e t ,  thereby permi t t ing  p o t e n t i a l l y  l a r g e  
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terminal-gl ide range. 

a c o n t r o l l e d  p i t c h i n g  moment, nonaxial  ( l i f t i n g )  f l i g h t  

can be achieved. 

l a r g e  inc reases  i n  performance, and should t h e r e f o r e  

be considered one of t h e  goals of  any development 

of t h i s  concept. 

By providing a means t o  produce 

This  p o s s i b i l i t y  o f f e r s  p o t e n t i a l l y  

111. mCHANICS OF THE FILAMENTARY D I S K  

The Rotornet is  b a s i c a l l y  a uniform-stress  

( i s o t e n s o i d )  d i s k ,  a s  described i n  References 7 and 8. 

The f iber  geometry of t h e  f l a t  d i s k ,  shown i n  Figure 2, 

c o n s i s t s  of a network of c i r c u l a r - a r c  f i b e r  pa ths  which 

intersect t h e  origin. The fiber-path curvature is  nec- 

e s s a r y  f o r  t h e  uniform-stress condi t ion,  and must be 

maintained, a s  i n  a n e t ,  by "pinning" t h e  f i b e r s  a t  

the  i n t e r s e c t i o n s .  For t h e  Rotornet,  t h e  d i s k  is  t runca ted  

s l i g h t l y ,  near t h e  periphery,  i n  o rde r  t o  provide support  

f o r  t h e  t i p  weights.  The t o t a l  mass of t h e  t i p  weights 

i s  approximately equal  t o  t h e  mass of t h e  t runca ted  o u t e r  

s e c t i o n .  
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An important c h a r a c t e r i s t i c  of  t h e  f i b e r  geometry 

i s  t h a t  it has uniform increments of a r c  l eng th  between 

p o i n t s  of i n t e r s e c t i o n  i n  t he  f i b e r  p a t t e r n .  

can t h e r e f o r e  be deformed, without  changes i n  a r c  length ,  

The d i sk  

i n t o  a cy l inde r ,  whereby t h e  f i b e r  p a t t e r n  becomes an 

a r r a y  of h e l i c e s  ( t h e  hub expands and t h e  r i m  c o n t r a c t s  

t o  form t h e  two edges of t h e  c y l i n d e r ) ,  This  deformation 

i s  diagrammed i n  Figure 2 ,  I t  should be noted t h a t  i f  

t h e  d i sk  is t o  be f ab r i ca t ed  us ing  continuous f i b e r s ,  with- 

o u t  s t r u c t u r a l  seams, it must be f a b r i c a t e d  wi th  t h e  

topology of a cy l inde r  r a t h e r  than a s t r i p .  

The prsperties o f  t h e  i so tensoid  d i s k  form a 

convenient s e t  of re ference  p r o p e r t i e s  f o r  t h e  Rotornet 

d i s k ,  The weight of an i so t enso id  d i s k  is r e a d i l y  computed 

from t h e  geometry i n  t e r m s  of t h e  t o t a l  c ros s - sec t iona l  

area of t h e  f i b e r s  r a d i a t i n g  from t h e  o r i g i n ,  and t h e  

o u t s i d e  r a d i u s  of t h e  disk: 

l-r 
= p ga 0 - e ~  

Wref f f 2 r e f  
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p f g  i s  where W i s  t h e  weight of i so t enso id  d i sk ,  

t h e  weight dens i ty  of f iber,  

ref 

a i s  t h e  t o t a l  s t r u c t u r a l  f 

cross-sec t ion  area of  f i b e r  r a d i a t i n g  from o r i g i n ,  and 

i s  t h e  reference r ad ius  ( o u t s i d e  r a d i u s  of i so t enso id  Rref  

d i s k ) .  For t h e  present d iscuss ion  it w i l l  be assumed t h a t  

t h e  s t r u c t u r a l  weight  of  t he  Rotornet  is  adequately repre- 

sen ted  by 

where R i s  t h e  e f f e c t i v e  o u t s i d e  r a d i u s  o f  t h e  Rotornet  

d i s k ,  inc luding  t h e  area of t i p  t abs .  

The f ibe r  stress d i s t r i b u t i o n  i n  an i so t enso id  

d i s k  is  uniform, The  stress, s assoc ia ted  w i t h  a 

s p i n  r a t e ,  w , is  given by 

ref 

S 

This  i s  one-half  o f  t h e  stress i n  a spinning hoop of t h e  

same mater ia l ,  For t h e  Rotornet  d i s k ,  t h e  na tu re  o f  t h e  

d i s t r i b u t i o n  o f  f iber s t ress  can be changed by changing 
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t h e  t i p  weights.  

t runca ted  d i sk ,  f o r  s e v e r a l  s i z e s  of  t i p  weights,  are 

shown i n  F igure  3 .  If t h e  sp inning  d i s k  i s  loaded and 

deformed by an axisymmetric d i s t r i b u t i o n  of normal f o r c e s  

(e.g., aerodynamic pressure)  t h e  t ens ion  d i s t r i b u t i o n  w i l l  

n o t  change apprec iab ly ,  provided t h e  d e f l e c t i o n s  a r e  s m a l l  

compared t o  t h e  r a d i u s ,  

The stress d i s t r i b u t i o n s  i n  a t y p i c a l  

The deformed shape of t h e  loaded n e t  depends 

on t h e  aerodynamic load d i s t r i b u t i o n ,  The aerodynamic 

load  d i s t r i b u t i o n ,  however, depends on t h e  d e t a i l s  of t h e  

shape, The equi l ibr ium shape of t h e  n e t ,  f o r  any given 

se t  of condi t ions ,  must t h e r e f o r e  be obta ined  simultan- 

eous ly  w i t h  t h e  aerodynamic load  and t h e  t ens ion  d i s t r i b u t i o n .  

Reference 9 descriloes a method f o r  ob ta in ing  a fami ly  of 

equ i l ib r ium shapes by d i g i t a l  computer, by t h e  use  o f  

an i t e r a t i v e  technique. The aerodynamic loading  is taken 

t o  be t h a t  of  a Newtonian p res su re  d i s t r i b u t i o n ,  i.e., 

a loading  f o r  which t h e  l o c a l  normal-pressure c o e f f i c i e n t  

i s  given by 

angle.  The r e s u l t s  f o r  a t y p i c a l  se t  of design parameters  

are  shown i n  F igure  4 f o r  var ious  va lues  of  t h e  coning 

= 2 c o s 2 @  where B i s  t h e  l o c a l  coning 
cP 
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angle  a t  t h e  hub. Severa l  coned-up shapes a r e  shown, 

along w i t h  t h e  corresponding drag  c o e f f i c i e n t s ,  

The r e s u l t a n t  a x i a l  f o r c e  exe r t ed  by t h e  

coned-up Rotorne t  on t h e  hub i s  

where Y i s  t h e  ang-le between t h e  meridian and t h e  tangent  

t o  f i b e r ,  and t h e  s u b s c r i p t  S denotes  cond i t ions  a t  t h e  

hub. For all cases of i n t e r e s t ,  cosy 2' 1 . b 

The a x i a l  component of f o r c e  i n  t h e  coned-up 

n e t  a t  t h e  hub i s  assu-ned t o  be equal  t o  t h e  t o t a l  aero- 

dynamic f o r c e  on t'ne ne t .  An equ iva len t  assumption is  

t h a t  t h e  m a s s  of t h e  d i sk  i s  n e g l i g i b l e  compared wi th  t h e  

mass of t h e  payload, 
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For prel iminary design purposes,  it is  e s s e n t i a l  

t o  be a b l e  t o  p r e d i c t  t h e  s i z e  and weight of t h e  Rotornet 

requi red  t o  perr'orm a given mission i n  terms of t h e  mission 

pararneters and t h e  p r o p e r t i e s  04  t h e  s t r u c t u r a l  rriaterial 

used i n  t h e  f i lamentary  d isk .  

braic "performance r e l a t i o n s "  s u i t a b l e  f o r  t h i s  pur;Iose 

can be der ived r e a d i l y  by combining seve ra l  funGamental 

r e l a t i o n s  descr ib ing  t h e  l iotornet an6 i t s  operaLion. 

I t  w i l l  be shown t'nat alge- 

A. Aerodynanic Heating. 

The temperature of t h e  Rotornet s t r u c t u r e  i s  

computed under t h e  assumption t h a t  t h e  su r face  i s  heated 

by convection on t h e  f r o n t  s i d e s  and t h a t  t h i s  h e a t  i s  

r e j e c t e d  by r a d i a t i o n  from 3 0 t h  s i d e s  of t h e  d i s k .  

The tlhermal capac i ty  of t h e  d isk  i s  neglected and t h e  

d i s k  i s  assuned t o  be nonporous. I t  i s  f u r t h e r  assumed 

t h a t  r a d i a t i v e  hea t ing  from t h e  shock l a y e r  i s  n e g l i g i b l e  

ccxpared with t'ne convective hea t ing ,  The condi t ion  f o r  

thermal equi l i lor iun i s  t h a t  
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wh 2 I e i s  t h e  corAvectlve h e a t i c s  r a t e ,  is t h e  qconv 
e- .i:i , ss'4v' I L Y  .- of -the surzzce,  (E') i s  t k e  view fzcto-r,  and 

-&e heat ing  t akes  place only or- Erie fro2-c f a c e  of che <is:*;, 

both 2 r o c ~  ai76 r e x  faces rejcc-l  heac by rad iac icn ,  t h e  

r e a r  f ace  at a so;;,ew:?at lower temperature.  

The convective heat ing r aee  was coxputed by t h e  

~ ~ e t h o d s  or' Les t e r  Lees l o  ar,d t h e  Eandbook of AstrorA&-cticai 

47.: . - .  cciiul - n n' tics t h e  saxe value a s  that neasured f o r  the  disk. -,-is 

w5ich was used f o r  t ke  c r i t i c a l  ileatirig r a t e  of t h e  





(say, t h e  p o i n t  of maximum convective hea t ing  r a t e )  v a r i e s  

a s  l / R a .  , s i n c e  

a t  t h e  c r i t i c a l  p o i n t  f o r  a given s e t  of  e n t r y  condi t ions.  

Thus t h e  l a rge r - r ad ius  e n t r y  body, i n  s p i t e  of t h e  increased 

shock-layer th ickness ,  experiences lower r a d i a n t  hea t ing  

r a t e s .  By comparison, t h e  convective hea t ing  ra te  v a r i e s  

a s  1 / ~ ~ * ~  . These genera l  conclusions a r e  a l s o  supported 

by the  more e x a c t  a n a l y s i s  of Reference 14. 

N pl"R (Ref. 12), and p l / R a  'rad 

B. Entry Tra j ec to ry  S tudies  

I n  o rde r  t o  s tudy t h e  behavior of t h e  Rotornet 

under condi t ions  of p lane tary  en t ry ,  a digital-computer 

program was w r i t t e n  t o  perform the  point-by-point i n t eg ra -  

t i o n  of t h e  t r a j e c t o r y  equations.  The equat ions of motion 

assumed a round, non-rotating p l ane t .  The temperature of 

t h e  su r face  of  t h e  Rotornet was r computed a t  each p o i n t  

i n  t h e  t r a j e c t o r y  from t h e  atmospheric dens i ty  and ve loc i ty ,  

u s ing  equat ions (5)  and ( 6 ) .  The hea t ing  r a t e  a t  t he  r i m  

of t h e  coned-back n e t  was taken t o  be r e p r e s e n t a t i v e  of t h e  

e n t i r e  sur face .  

-16- 



The Rotornet model used i n  t h e  t r a j e c t o r y  

s t u d i e s  was the same as  t h a t  represented  i n  Figure 4. 

model was incorporated i n t o  t h e  t r a j e c t o r y  program i n  

the form of c u r v e - f i t  r e l a t i o n s  which gave drag c o e f f i c i e n t  

and coning deformation as func t ions  of  t h e  dynamic p e s s u r e  

and t h e  weight,  rad ius ,  and s p i n  speed of t h e  disk.  Pro- 

v i s i o n s  w e r e  included f o r  assuming any one of s eve ra l  types  

of spin-speed con t ro l ,  including cons t an t  speed, cons t an t  

coning angle,  cons t an t  margin of s a f e t y ,  and cons t an t  

angular  momentum. 

a r e  discussed i n  Reference 8. 

The 

The details of t h e  t r a j e c t o r y  program 

The computer r e s u l t s  f o r  a t y p i c a l  t r a j e c t o r y  

are shown i n  F igure  5. I t  can be seen t h a t  t h e  peak 

coning angle  occurs  between t h e  p o i n t s  of maxirnuii tempera- 

t u r e  and raximum dece lera t ion .  

for t h i s  t r a j e c t o r y  provided f o r  a cons t an t  margin o f  

s a f e t y  f o r  t h e  s t r u c t u r a l  fibers: t h a t  i s ,  t h e  f i b e r  stress 

a t  each p o i n t  i n  t h e  t r a j e c t o r y  was a f ixed  f r a c t i o n  of t h e  

al lowable s t r e s s  of t h e  ma te r i a l  a t  temperature.  

The spin-speed c o n t r o l  

Approximately a hundred t r a j e c t o r i e s  w e r e  run ,  

covering a wide v a r i a t i o n  of mission parameters,  Rotornet  
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s i z e ,  and mater ia l  c h a r a c t e r i s t i c s .  I t  w a s  found t h a t  

drag  modulation ( r e s u l t i n g  from t h e  coning deformation) 

had very l i t t l e  effect  on the  o v e r a l l  t r a j e c t o r y ,  pro- 

vided t h a t  t h e  m a x i m u m  coning angle  w a s  less than  about 

3 5  degrees.  It  was a l s o  found t h a t  t h e  c lass ica l  s o l u t i o n s  

f o r  e n t r y  i n t o  an exponent ia l  atmosphere w i t h  a f l a t  ear th16  

could be used, w i t h  e x c e l l e n t  accuracy, t o  p r e d i c t  t h e  

computer-program r e s u l t s  for t h e  peak va lues  of hea t ing  

ra te  and d e c e l e r a t i o n ,  along w i t h  t h e  a l t i t u d e s  and velo- 

c i t i e s  a t  t hose  po in t s .  F igure  6 i s  a p l o t  of  maximum 

temperature  vs. t h e  " loading dens i ty"  parameter t h a t  

arises f r o m  t h e  c l a s s i c a l  theory. 

r e s u l t s ,  p l o t t e d  on t h i s  graph, f e l l  w i t h i n  a sca t te r  

The computer- t ra jectory 

band o f  about  i 10°F. The va lue  taken  f o r  drag c o e f f i -  

c i e n t  w a s  CD = 1.75  . 

C. Performance Re la t ions  

S ince  t h e  t r a j e c t o r y  r e s u l t s  can be p red ic t ed  

us ing  t h e  s o l u t i o n s  obtained w i t h  t h e  c l a s s i c a l  exponent ia l -  

atmosphere theory,  it is poss ib l e  t o  d e r i v e  simple a l g e b r a i c  

r e l a t i o n s h i p s  t o  desc r ibe  t h e  performance of t h e  Rotornet .  
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Such r e l a t i o n s  can be used to  compute t h e  weight and s i z e  

of d i sk  r equ i r ed  t o  perform a given mission,  and t o  shed 

l i g h t  on t h e  problem of optimum design. 

r e l a t i o n s  which are necessary f o r  t h e  d e r i v a t i o n  (and 

which are der ived  i n  R e f e r e n c e  15)  a r e  as  follows: 

The t r a j e c t o r y  

u = u . e  - 1/6 = .85ui 
7 1 

u N = u.e-v2 1 = .61ui 

PN = 3 P  
7 

H e r e  u i s  the v e l o c i t y  and F t h e  atmospheric dens i ty .  

The s u b s c r i p t s  i , 7 , and N s tand  f o r  t he  i n i t i a l  

va lue  and t h e  cond i t ions  a t  t h e  p o i n t s  of maximum temper- 

a t u r e  and maximum dece le ra t ion .  Another express ion  which 

w i l l  be used g i v e s  t h e  r e l a t i o n  between d e c e l e r a t i n g  force 

and dynamic pressure:  
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The quan t i ty  N used here  i s  t h e  load f a c t o r  ( i , e . ,  t h e  

dece le ra t ion  i n  g ' s ) ,  whi le  W i s  t h e  t o t a l  weight of 

t he  vehic le .  

The des i r ed  performance r e l a t i o n  can be obtained 

by expressing the  condi t ion  f o r  thermal equi l ibr ium i n  

terms of t h e  Rotornet parameters and t h e  i n i t i a l  cond i t ions ,  

Equation (8) may be used t o  e l imina te  p from t h e  hea t ing  

equat ion ( 6 ) .  I n  add i t ion ,  t h e  t r a j e c t o r y  r e l a t i o n s  

(eq. 7 )  may be used  t o  express t h e  condi t ions  a t  t he  p o i n t  

of maximum hea t ing  r a t e  i n  terms of t h e  i n i t i a l  v e i o c i t y  

and t h e  maximum dece lerar ion .  

convenient f i r s t  t o  e s t a b l i s h ,  from the  v e l o c i t i e s  and 

d e n s i t i e s ,  t h e  r a t i o  of load f a c t o r s  a t  t h e  p o i n t s  of 

maximum hea t ing  and maximum dece lera t ion :  

For t h i s  purpose it i s  

1 
N = -*eq3N,, = .65NRT 
T 3  LV LY 

On making t h e  var ious s u b s t i t u t i o n s  ind ica t ed ,  it can 

be seen  t h a t  t h e  condi t ion  f o r  thermal equi l ibr ium a t  

t h e  p o i n t  of maximum heat ing i s  
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A r e l a t i o n  f o r  t h e  Rotornet  r ad ius  requirement can now 

be obta ined  i n  terms of t h e  allowed temperature  and load 

f a c t o r  by so lv ing  f o r  R i n  equat ion  ( 1 0 ) .  

A second performance r e l a t i o n  can be developed 

t o  g ive  t h e  weight of  t h e  Rotornet  s t r u c t u r e  i n  terms of 

load,  geometry, and s i z e .  Since the  t o t a l  f o r c e  on t h e  

coned-back n e t ,  from equat ion (4 ) ,  is  t h e  i n e r t i a  f o r c e  

of t h e  payload NW , t h e  two equat ions  ( 2 )  and (4 )  

can be combined t o  e l imina te  a i n  o r d e r  t o  g ive  t h e  

P 

f 

Rotorne t  r a d i u s  i n  t e r m s  of  t h e  s p e c i f i c  s t r e n g t h  k 

of t h e  s t r u c t u r a l  m a t e r i a l  and t h e  d e c e l e r a t o r  weight  

f r a c t i o n .  Thus : 

H e r e  h E s/pg , where t h e  stress s is measured a t  

t h e  hub. Note t h a t  t h e  r o t o r  weight  f r a c t i o n  i s  p r o p o r t i o n a l  

t o  t h e  r ad ius .  
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Equation (ll), evaluated a t  max T , may now 

be combined with equat ion (10)  t o  e l imina te  R . The 

r e s u l t i n g  expression is t h e  d e s i r e d  performance equation: 

I n  t h e  choice of  parameters f o r  minimun r o t o r  

weight,  two c r i t i c a l  condi t ions  must be kept  i n  mind: 

t h e  allowable s t r e s s  must not  be exceeded a t  t h e  p o i n t  

of  maximum temperature,  and t h e  c r i t i c a l  value of  coning 

angle  f o r  maintaining t h e  detached shock rust no t  be 

exceeded a t  t h e  p o i n t  of maxirnuT coning angle.  The 

determinat ion of  t h e  more important condi t ion  depends on 

t h e  p a r t i c u l a r s  of t h e  spin-speed c o n t r o l  used. I n  t h e  

optimum case,  t h a t  of opera t ion  wi th  cons t an t  margin of 

s a f e t y ,  t h e  designing condi t ion i s  t h a t  t h e  maximurr, 

coning angle  be l i m i t e d  ( 8  5 30°) , s i n c e  t h e  dece le ra to r  max 

s t r u c t u r e  is, b y  d e f i n i t i o n ,  equal ly  ” s a f e ”  a t  a l l  t imes,  

I t  has  been found t h a t ,  for t h e  m a t e r i a l s  and mission 

parameters  considered here ,  t h i s  condi t ion  is  achieved 

when 8 5 2 5 O  . If t h i s  value i s  s u b s t i t u t e d  i n t o  
T 
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equat ion ( 1 2 ) ,  t h e  expression can be evaluated f o r  t h e  

maximum temperature condi t ion t o  g e t  

ui 4 3  NN 4h W 45 
wR 

wP 
( q 4 ) ” b  * A  - = 6.5 X 

7 7 

where t h e  fol lowing u n i t s  must  be observed: u , f t / s e c ;  

W , lb; 0 ’ ~ ~  , Btu/ft2-sec; h , f t .  The corresponding 

expression f o r  r a d i u s  is, from equat ion (lo), 

Ui 4 / 3 4 5 u 3  NN W 
R = 2.8 X 

( 0 T 4  
7 

I t  i s  shown i n  Reference 8 t h a t  i f  t h e  ostixum cond i t ion  

of cons t an t  margin of s a f e t y  i s  replaced by t h e  l e s s  favorable  

cond i t ion  of cons t an t  f i b e r  s t r e s s ,  t h e  r o t o r  weight f r a c t i o n  

i s  g r e a t e r  by about 30 percent.  

Examination of  equat ion ( 1 2 )  shows t h a t  Ehe high- 

temperature c h a r a c t e r i s t i c s  of t h e  s t r u c t u r a l  m a t e r i a l  

a f f e c t  

[GC (VF)  74 12b . The lowest weight f r a c t i o n  f o r  a given 

m a t e r i a l  is  obta ined  by choosing t h e  maximum temperature 

t h e  r o t o r  weight f r a c t i o n  on ly  through the  t e r m  
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T so as t o  co inc ide  wi th  the maximum value of t h i s  

parameter.  This  parameter a l so  forms a b a s i s  f o r  com- 

pa r ing  d i f f e r e n t  materials. 

vs.-temperature c h a r a c t e r i s t i c s  of var ious  s t r u c t u r a l -  

f i b e r  materials. 

c a p a b i l i t y  f o r  candidate  m a t e r i a l s  f o r  t h e  Rotornet i s  

shown by Figure  8, which i s  based on Figure 7. 

F igures  9 and 10 a re  p l o t s  of t h e  performance 

T 

Figure  7 shown t h e  s t r eng th -  

The importance of hlgh-temperature 

equat ions  (13) and (14 ) .  The s t r u c t u r a l  m a t e r i a l  was 

taken t o  be s i l i c a  f i b e r  with a s a f e t y  f a c t o r  of 5. I t  

can be seen t h a t  t h e  s t ruc tura l -weight  f r a c t i o n  for t h e  

Rotornet  i s  of  t h e  o rde r  of a few pe rcen t  f o r  payloads 

of t y p i c a l  s i z e ,  even f o r  escape ve loc i ty .  The curve of 

r o t o r  th ickness  r e p r e s e n t s  t he  t h i n n e s t  p o r t i o n  of t h e  

d i sk ,  assuming t h e  d i sk  t o  be cons t ruc ted  of  c i r c u l a r -  

c ros s - sec t ion  f i b e r s  w i th  square packing. 

The performance r e l a t i o n s  show t h a t  t h e  weight 

of t h e  spinning-disk dece le ra to r  is  l e a s t  f o r  missions 

w i t h  low values  of maximum dece lera t ion .  This  proper ty  

a r i s e s  from t h e  n a t u r e  of  t h e  hea t - r e j ec t ion  mechanism; 
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s ince  t h e  c r i t i c a l  f a c t o r  i s  t h e  maximum hea t ing  r a t e ,  

r a t h e r  than t h e  t o t a l  quan t i ty  of h e a t  rejected,  

hea t ing  problem becomes less severe ,  f o r  a given i n i t i a l  

ve loc i ty ,  i f  t h e  hea t ing  time ( a s  w e l l  a s  t h e  d e c e l e r a t i o n  

t i n e )  can be prolonged. By c o n t r a s t ,  a b l a t o r  weights 

show a s l i g h t  i nc rease  with an inc rease  i n  t h e  l eng th  

of t h e  h e a t  pulse .  

t h e  

Performance r e l a t i o n s  can a l s o  be der ived f o r  

t h e  case  of  l i f t i n g  f l i g h t  w i t h  a f ixed  

case of equi l ibr ium g l i d e  a t  s u p e r o r b i t a l  ve loc i ty .  

l a t t e r  case  i s  p a r t i c u l a r l y  i n t e r e s t i n g ,  i n  t h a t  it ind i -  

c a t e s  t h a t  a dece le ra to r  capable of r een te r ing  t h e  e a r t h ' s  

atmosphere wi th  hyperbol ic  ve loc i ty  can be made w i t h  a 

s t r u c t u r a l  weight which i s  o n l y  a f e w  percent  of t h e  pay- 

ioad weight.  The L/D assumed f o r  t h i s  c a l c u l a t i o n  was 

0.2,  which is ,  i n  p r i n c i p l e ,  w e l l  w i th in  t'ne c a p a b i l i t y  

of  a spinning d i sk  i n  hypersonic flow, 

L/D and f o r  t h e  

The 
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Dynamic a n a l y s i s  0 2  t h e  Rotoririet i n  a x i a l  

r -  i - i i ~ h t  has revealed t h e  ex is tence  of t h r e e  d i s t i n c t  mazes 

of dyi-iamic i n s t a b i l i t y -  

t h a t  occurs  a t  high coning angles ~ h e i 1  t h e  c e n t e r  of 

The 2irs t  Is a vioLei-.t diverger-ce 

r-lL 
L L c'-r a v i 2 c v  is l oca t ed  too f a r  a-c:- iC. 02  t h e  huS plane.  J- 

i n s t a > i l i t y  r e s u i t s  frc;;, t h e  , ac t  z ~ a z  ,;-,e s t a t i c  coc- 

s r e s s i v e  load i n  t h e  ~ " - 7 -  C.L hLt-dre c~i-~;,?ec" L~~ 4 .2-- - L,,S . -  - ;2ayload 

t o  the hub ?lane c r e a t e s  a deszzLi i lz in5  i->.o;.iec-L si;-nilar 

I LO t h a t  i n  a compressively loaded col-a-m. For I - ,Ls~ a x i a l  

d e c e l e r a t i o n  and c o r r e s ~ o n d i c g l ~ 7  lar9-e c o i ~ i i - , ~  afiqles, 

.I-' L L ~  s t i f f e n i n g  e f f e c t  of the gyrosco2ic f o r c e s  a c t i n g  on 

tk2 r o t o r  d i s k  i s  i n s u f f i c i e n t  t o  ovezcoii1e t h e  d e s t a 5 i l i z i n y  

!-?..c~imt and t h e  r o t o r  to2Fles.  A s t a b i l i t y  SoundarLr f o r  

/I s-k-c- -uny col-uan i n s t a b i l i t y " ,  i s  sZown ir i  7 igu re  11 for a 

L by21cal conzigurat ion.  

i x - s ~ s i n g  the  hub r a d i u s  and nal7 be  elixninated e n t i r e i y  

%;I ? lac ing  the  cei-?.ter of g rav i ty  forward 0 2  t h e  hc3 plai.;e. 

When aerodynamic damping e f f e c t s  a r e  added t o  the  s t a S i l i t y  

analys is ,  it i s  found t h a t  t h e  reglon 0 5  s t rong  col-c,ir, 

The e f f e c t  nza17 Se a l l ev iazed  by 

- 2 G -  



i n s t a b i l i t y  i s  bordered by a reg ion  o f  mild i n s t a b i l i t y ,  

i n  which t h e  ainplitude inc reases  a t  a r a t e  t h a t  i s  gener- 

a l l y  l e s s  than  one percent  per  revolu t ion .  

The second type of dynamic i n s t a b i l i t y  i s  a 

s p i r a l  divergence t h a t  i s  common t o  a l l  h e l i c o p t e r - l i k e  

I n  t h i s  mode the  veh ic l e  executes  a s lowly devices .  

d iverg ing  h e l i c a l  motion accompanied by a s l i g h t  tilt of  

t h e  veh ic l e  away frorii t h e  a x i s  of t h e  h e l i x .  Re la t ive  

;notion between t h e  r o t o r  d i sk  and t h e  hub p lane  i s  s m a l l .  

T h e  i n s t a b i l i t y  d isappears  f o r  s u f f i c i e n t l y  l a r g e  coning 

anlsjles and i s  i n s e n s i t i v e  t o  c e n t e r  of g r a v i t y  p o s i t i o n  

and hub r ad ius .  

8 120 

A s  shown i n  Figure 11, s p i r a l  i n s t a b i l i t y  and 

column i n s t a b i l i t y  a re  avoided by a veh ic l e  wi th  a forward 

c e n t e r  of g r a v i t y  ope ra t ing  wi th  a coning angle  g r e a t e r  

t han  about  13  degrees.  Smaller coning ang le s  can be 

avoided except  poss ib ly  during t h e  i n i t i a l  po r t ion  of t h e  

p l a n e t a r y  en t ry  t r a j e c t o r y .  

ex2ected t o  SE a s e r i o u s  problern Secause t h e  r a t e  of  

divergence i s  very s n a i l  ( l e s s  tkan  on2 pe rcen t  pe r  

revolu t ion!  2nd because t h e  elapsed t h e  between e f f e c t i v e  

s 2 l r a l  i n s t a b i l i t y  is  n o t  
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c o n t a c t  w i th  t h e  s e n s i b l e  atmosphere and t h e  development 

of  a s u f f i c i e n t l y  l a r g e  coning angle  i s  s h o r t  

F igure  5 ) .  

s t a b i l i t y  a t  low coning angles by means of an a c t i v e  auto- 

p i l o t  t h a t  t i l t s  t h e  r o t o r  hub r e l a t i v e  t o  t h e  a x i s  of t h e  

v e h i c l e  i n  response t o  e r r o r  s i g n a l s  from an a t t i t u d e  

(See 

I t  i s  a l s o  p o s s i b l e  t o  e l i m i n a t e  s p i r a l  in-  

r e fe rence .  8 

The t h i r d  type  of  dynamic i n s t a b i l i t y  t h a t  has  

been i d e n t i f i e d  during i n v e s t i g a t i o n  of t h e  Rotornet  i s  a 

t r a v e l l i n g  wave f l u t t e r  i n  which waves t r a v e l  around t h e  

r o t o r  d i s k  a t  a f r a c t i o n  of t h e  r o t a t i o n a l  speed. 

two t o  s i x  waves wi th  impress ive ly  l a r g e  amplitudes have 

been observed by spinninc; f lex ib le  d i s k s  i n  s t i l l  a i r  and 

dur ing  tes t s  i n  a low-speed wind tunnel ,  F igure  1 2  is 

a photog-raph of a Rotornet  wikh r in  impe l l e r s  i n  t e t h e r e d  

a u t o r o t a t i n g  f l i g h t  taken j u s t  p r i o r  t o  co l l apse .  The 

f i%--ure i l l u s t r a t e s  bo th  s p i r a l  i n s t a b i l i t y  and two-wave 

t r a v e l l i n g  wave f l u t t e r .  

shown i n  F igure  13 .  

From 

An example of s t a b l e  f l i g - h t  is 

Analysis  of t h e  t r a v e l l i n g  wave f l u t t z r  phenornenon 

i n  subsonic  f l i g h t  r e v e a l s  t h a t  t h e  c r i t i c a l  pararneter 
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governing i t s  occurrence i s  t h e  r a t i o  of t h e  apparent 

mass of t h e  f l u i d  t o  t h e  mass of t h e  r o t o r  d i s k .  I n  

add i t ion  t o  a small  amount of damping, e i t h e r  s t r u c t u r a l  

o r  aerodynamic, i s  requi red  t o  prevent  f l u t t e r .  Figure 14 

shows a subsonic s t a b i l i t y  boundary f o r  a Rotornet with 

aerodynamic impel ler  t abs  d i s t r i S u t e d  around t h e  r i m .  

The mass parameter,  i ~ .  , i s  t he  r a t i o  of t h e  mass of a 

sphere of a i r  w i t h  t h e  same diameter a s  t h e  r o t o r  d i s k ,  

t o  t h e  mass of t h e  r o t o r  d i s k .  The danping parameter,  B , 

i s  t h e  r a t i o  of t i p  speed t o  a x i a l  descent  speed mul t ip l i ed  

Sy t h e  r a t i o  of impel ler  area t o  t o t a l  d i sk  area.  I t  i s  

seen t h a t  s t a b l e  f l i g h t  cannot be achieved f o r  

o r  f o r  B < - 0 5 .  The c r i t i c a l  f l u t t e r  mode has two waves. 

1-1 > 3 , 

The r e s t r i c t i o n  t o  small  values  of  t he  mass 

parameter i s  a severe l i m i t a t i o n  f o r  low a l t i t u d e  subsonic 

f l i g h t  i n  t h e  e a r t h ' s  atmosphere and may e f f e c t i v e l y  

e l imina te  t h e  Rotornet a s  a terminal  descent  device f o r  

landing  on e a r t h .  The s i t u a t i o n  w i t h  regard t o  a Mars 

landing  i s  much more favorable  due t o  t h e  lower atmospheric 

dens i ty .  Values of p f o r  t e n t a t i v e  designs of Martian 

e n t r y  veh ic l e s  a r e  genera l ly  around 1 . 0  . 
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An a n a l y s i s  has a l so  been made21 of t r a v e l l i n g  

wave f l u t t e r  i n  hypersonic f l i g h t .  

mass i s  not  a cons idera t ion  and t h e  c r i t i c a l  parameter i s  

t h e  aerodynamic damping provided by r i m  impel lers .  

boundaries f o r  hypersonic t rave l l ing-  wave f l u t t e r  a r e  

shown i n  F igure  15.  

i n  t h e  f l u t t e r  mode w i l l  be l a r g e  and t h a t  t h e  s u r f a c e  a rea  

of t h e  impel ler  t a b s  should a t  l e a s t  be equal  t o  14% of 

t o t a l  d i s k  area.  

f o r  f l u t t e r  wi th  a small  number of waves. 

I n  this regime apparent  

F l u t t e r  

I t  is  seen t h a t  t h e  number of  waves 

The coning angle  i s  s i g n i f i c a n t  on ly  

R i m  impel le rs  designed a s  aerodynamic damping 

devices  should be t o r s i o n a l l y  unconstrained a t  t h e i r  

connections t o  t h e  rim, and should be mass balanced t o  a 

p o i n t  forward of the  aerodynamic cen te r .  

f o r c e  provides  a sp r ing  rate t h a t  r e s i s t s  p i t ch ing  motions 

of t h e  impel le rs .  

Cen t r i fuga l  

R i m  impel le rs  a r e  a l s o  requi red  t o  maintain r o t o r  

speed i n  t h e  presence of  aerodynamic f r i c t i o n  torque 

p a r t i c u l a r l y  i n  t h e  terminal f l i g h t  phase. 

show t h a t ,  w i th  impel le rs  of s u f f i c i e n t  s i z e  t o  prevent  

Ca lcu la t ions  
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t r a v e l l i n g  wave f l u t t e r ,  t h e  l i f t  c o e f f i c i e n t  required 

f o r  a u t o r o t a t i n g  subsonic f l i g h t  i s  e a s i l y  achieved. 

I t  can a l s o  be shown' t h a t  aerodynamic d r i v e  

i s  n o t  necessary i n  t h e  hypersonic po r t ion  of t h e  e n t r y  

t r a j e c t o r y  provided t h a t  t h e  Rotornet i s  pre-spun by 

rocket  motors p r i o r  t o  e n t r y .  

dynamic f r i c t i o n  i s  no t  s i g n i f i c a n t  u n t i l  we l l  a f t e r  

peak dece le ra t ion ,  

Speed decay due t o  aero- 

A n  i n t e r e s t i n g  p o s s i b i l i t y  i s  t h e  use of chordwise 

mass balance of the  r i m  impel lers  to produce speed s t a b i l i t y  

wi thout  t h e  a i d  of an a c t i v e  c o n t r o l  system. I t  i s  not  

d i f f i c u l t  t o  c a l c u l a t e  t h e  balance requi red  t o  maintain 

a given r o t o r  speed f o r  each f l i g h t  regime. 

a s a t i s f a c t o r y  compromise of t h e  var ious  requirements may 

be more d i f f i c u l t .  

Achieving 

Rotary winged vehic les  a r e  capable of trimmed 

l i f t i n g  f l i g h t  provided t h a t  some parameter of t h e  system 

i s  var ied  c y c l i c l y  wi th  azimuth p o s i t i o n .  

of t he  Rotornet a convenient parameter t o  vary is  t h e  

tilt of t h e  hub p lane  r e l a t i v e  t o  t h e  a x i s  of t h e  vehic le .  

The l i f t  t o  drag  r a t i o  t h a t  can be achieved by such a system 

I n  the  case 
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may be est imated from t h e  following formula 

where R i s  t h e  r o t o r  rad ius ,  B i s  t h e  coning angle 

i s  t h e  l a t e r a l  o f f s e t  of t h e  c e n t e r  of g r a v i t y  and 

0 2  t h e  veh ic l e  r e l a t i v e  t o  an a x i s  t h a t  i s  perpendicular  

t o  t h e  hub plane.  I t  w i l l  be noted t h a t  l a r g e  L/D r a t i o s  

can be achieved when t h e  coning angle i s  small ,  i .e.,  when 

t h e  drag i s  small ,  so  t h a t  the primary l i m i t a t i o n  i s  on 

Yac 

l i f t  r a t h e r  than on t h e  L/D r a t i o .  

The c y c l i c  con t ro l  system w i l l  r e q u i r e  a mech- 

a n i c a l  swash-plate between t h e  hub and t h e  fuse lage  of t h e  

veh ic l e  and some means (probably small  aerodynamic sur-  

f a c e s )  t o  balance t h e  torque on t h e  fuse lage  due  t o  bear ing  

f r i c t i o n ,  Ro ta t iona l  i s o l a t i o n  of t h e  fuse lage  from t h e  

r o t o r  w i l l  be requi red  f o r  a man-rated veh ic l e  i n  any case.  

For such systems t h e  addi t ion  of a swash p l a t e  t o  provide 

l a t e r a l  con t ro l  and trimmed l i f t i n g  f l i g h t  i s  n o t  a s e r i o u s  

complication. 
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For unmanned vehic les  it i s  permiss ib le  f o r  t h e  

fuse l age  t o  r o t a t e .  Thus, i f  t h e r e  i s  no requirement f o r  

l i f t ,  and if r o t o r  speed can be adequately con t ro l l ed  by 

t h e  mass balance of rim impel lers ,  unmanned Rotornet 

e n t r y  veh ic l e s  can be b u i l t  wi thout  bear ings ,  swash p l a t e s  

o r  a c t i v e  c o n t r o l  systems of any kind. 
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V I .  CONCLUSIONS AND RECOMMENDATIONS 

On t h e  b a s i s  of the  f e a s i b i l i t y  s tudy  which 

i s  described here ,  it appears t h a t  t he  spinning d i sk  

is p o t e n t i a l l y  an a t t r a c t i v e  hypersonic dece le ra to r  f o r  

p l ane ta ry  en t ry .  

dece le ra to r  weight f r a c t i o n s  a r e  p o s s i b l e  wi th  t h i s  

concept f o r  a w i d e  range of  mission parameters,  a t  a 

c o s t  of some inc rease  i n  mechanical complexity over t h e  

convent ional  systems. 

promising f o r  two types of missions: those f o r  which 

t h e  e n t r y  dece le ra t ion  must be accomplished i n  low-density 

atmosphere, and those which r e q u i r e  low l e v e l s  of decelera-  

t i o n  wi th  high i n i t i a l  v e l o c i t i e s .  

I t  can be shown t h a t  extremely low 

The concept seems e s p e c i a l l y  

This  approach r ep resen t s  a sharp depar ture  from 

L n L a b A a a y  e-74 - + ; n m  u-------___ J a r 0 1  erator technology. There a r e ,  t he re fo re ,  a 

number of t echn ica l  a r eas  i n  which experience must be 

gained before  t h e  f u l l  p o t e n t i a l  of t h e  concept can be 

known o r  r e a l i z e d .  The a reas  of g r e a t e s t  immediate i n t e r e s t  

a r e  those  having t o  do w i t h  t h e  aerothermodynamics of t h e  

sp inning  cone i n  hypersonic flow, such a s  t h e  p r e d i c t i o n  
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of f r i c t i o n  torque, t h e  e f f e c t s  of po ros i ty ,  hea t ing  

d i s t r i b u t i o n  i n  non-axial  f l i g h t ,  and the  design of r i m  

vanes f o r  d r iv ing  torque and f l u t t e r  suppression. 

The app l i ca t ion  fo r  which t h e  Rotornet appears 

t o  o f f e r  t h e  g r e a t e s t  p o t e n t i a l  advantage i s  t h a t  of manned 

r e e n t r y  a t  s u p e r o r b i t a l  v e l o c i t i e s .  I n  add i t ion  t o  t h e  

low weight f r a c t i o n ,  t h e  l a r g e  spinning d i s k  promises t o  

provide t h e  c a p a b i l i t y  f o r  high-a1 ti tude, hyper sonic  

g l i d i n g  and maneuvering. While it i s  doubtful  t h a t  a 

given d i sk  could be used f o r  more than one e n t r y  mission, 

t h e  c o s t  of  rep lac ing  a d i s k  should be s m a l l  compared t o  

t h e  c o s t  of r e fu rb i sh ing  a conventional ab la t ion-pro tec ted  

g l i d i n g  vehic le .  I n  t h i s  r e spec t  t he  Rotornet is  s i m i l a r  

t o  t h e  parachute;  eventual ly  t h e  l o g i s t i c s  could be 

s i m i l a r .  For opera t ions  which r e q u i r e  a l a r g e  amount 

sf reentqr  traffic (such as a " s h u t t l e  s e rv i ce"  t o  and 

from an o r b i t i n g  s t a t i o n ) ,  t he  Rotornet system could 

provide a very a t t r a c t i v e  combination of low airframe 

weight ,  good maneuvering c a p a b i l i t y ,  and low re fu rb i sh ing  

c o s t .  

-3 5-  



Another type of mission i n  which t h e  low-loading 

dece le ra to r  o f f e r s  many advantages is  i n  t h e  exp lo ra t ion  

of p l ane ta ry  atmospheres. A very l i g h t  veh ic l e  can 

d e c e l e r a t e  a t  higher  a l t i t u d e  and descend more slowly, 

thereby allowing more t i m e  and bet ter  condi t ions  f o r  

t ak ing  and t r a n s m i t t i n g  data.  A Rotornet f o r  a Mars Probe- 

Lander, f o r  example, could be a one-piece design, provided 

the  payload i s  permit ted t o  spin.  

be enforced, t h e  Rotornet would o f f e r  a l a r g e  saving i n  

t h e  weight of t h e  e n t r y  dece le ra to r ;  f o r  90-degree e n t r y  

t h e  Rotornet weight is  competit ive wi th  proposed a b l a t i v e  

devices. Furthermore, t h e  Rotornet would be s u i t a b l e  f o r  

te rmina l  descent ,  thereby e l imina t ing  t h e  parachute and 

i t s  as soc ia t ed  e j e c t i o n  and deployment systems. Thus, f o r  

t h i s  app l i ca t ion ,  t h e  Rotornet promises t o  be both l i g h t e r  

and less complicated than conventional dece le ra t ion  systems, 

i n  a d d i t i o n  t o  o f f e r i n g  t h e  advantages of t h e  low-loading 

d e c e l e r a t o r .  

I f  a shallow e n t r y  could 

I n  summary, i t  may be concluded t h a t  the concept 

of t h e  spinning-disk dece le ra to r  should be pursued. I t  i s  

g e n e r a l l y  recognized t h a t  the  r a d i a t  ion-cooled low-loading 
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dece le ra to r  o f f e r s  many ope ra t iona l  advantages over  t h e  

h o t t e r ,  more dense systems, The technique of spinning 

t h e  s u r f a c e  t o  hold it erect promises t o  make t h e  

radiat ion-cooled dece le ra to r  a p r a c t i c a l  matter, 

pe rmi t t i ng  very l a r g e  su r face  a r e a s  a t  a t t r a c t i v e  va lues  

of t o t a l  dece le ra to r  weight. 

by 
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Figure  1 - Spinnincj-Disk ( " 2 o ~ o r n e t " )  Dece lera tor  
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Figure 2 - I so t enso id  Disk: Fibe r  P a t t e r n  and Development 
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Figure  3 - S t r e s s  D i s t r i b u t i o n  I n  Truncated Disk 
With Various S i z e s  of T i p  Weights 

F igu re  4 - Meridional Curves and Drag C o e f f i c i e n t s  
For Coned-Back Rotornet  
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F i g u r e  5 - Typical  B a l l i s t i c  T ra j ec to ry  For Ea r th  Entry 
With Constant  Margin of  Sa fe ty  (X-37B Glass  F i 3 e r )  
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Figure 8 - Temperature-Weiqht Parameter For Performance Rela t ions  
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Figure  9 - Rotornet Weight F rac t ion  For B a l l i s t i c  E n t r y  
( S i l i c a  Fiber  With  Safe ty  Factor  of 5) 
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Figure  10  - Rotorne t  S i z e  vs. I n i t i a l  Veloc i ty  For 10,000-lb 
Vehicle  (10 g ' s ,  1600°F, S i l i c a ,  SF = 5) 
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F i g u r e  11 - Column and S p i r a l  S t a b i l i t y  Boundaries, b / R  = 0 .1  
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Figure 12 - Unstable Rotornet I n  Tethered F l i g h t  

Figure 13 - S t a b l e  Rotornet I n  Tethered F l i q h t  
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